• Fe(III)-bioreduction causes time-dependent aggregate breakdown and colloid release.
Introduction

31
Subsurface bioremediation brought about by electron donor addition creates anoxic conditions 32 that stimulate the growth of iron reducing and/or sulfate reducing bacteria (Chapelle and Lovley, surrounding the silver-core. Advantages to using these shelled particles instead of other 122 previously used particle tracers, such as viruses (e.g., , are their resistance to biotic and 123 abiotic breakdown, the ease and accuracy of quantification in the effluent samples using graphite 124 furnace atomic absorption spectroscopy, and the convenience to distinguish introduced SSSNP 125 from native soil colloids for mechanistic understanding of transport processes. 126 2.3 Bacterial strain, growth media, and inoculation for stimulated bioreduction 127 Geobacter species, with capacity to oxidize organic compounds coupled with reduction of 128 iron oxides or other metal minerals, are ubiquitous in subsurface environments (Caccavo et al., 129 reached stationary phase (3-5 d; optical density at 600 nm = 0.2 to 0.35; cell concentration of 144 approximately 1 × 10 8 cells per milliliter), 200 ml of culture suspension was centrifuged at 4,248 145 g, and the bacterial pellet was resuspended in 15 ml of the growth medium in the anaerobic 146 chamber with an 80/20 (v/v) N2/CO2 atmosphere. Then, all the resuspended G. sulfureducens 147 were uniformly sprayed onto 600 g of air-dried but non-sterile, water-stable soil 148 macroaggregates that were thinly spread on a tray inside the anaerobic chamber. During the 149 application of cell suspension, the aggregates were continuously mixed using a glass rod to 150 achieve uniform inoculation of the bacteria. All transport experiments were conducted in plexiglass (acrylic) columns (25 cm in length 153 with an inside diameter of 3.8 cm) with input solution introduced from the bottom of the column 154 in pulse input mode through a peristaltic pump at pore velocity of 24.4 cm/h. Teflon tubing was 155 used throughout the system except for a portion of tygon tubing needed in the pump. The 156 columns were fitted with five ports connected to pressure sensors (Honeywell Sensing and Three sets of separate transport experiments were conducted using vertical columns under 166 saturated steady-state flow conditions. The first set aimed to evaluate the appropriateness of use 167 of SSSNP as non-diffusible particle tracer and the effect of iron oxide on the transport of tracers 168 and nanoparticles. The experiments included two columns that were wet-packed with uncoated 169 and goethite-coated sands, respectively. The sand columns were flushed with KCl solution (0.67 170 mM, pH 6.5) prior to the tracer experiments. The input solution for the sand columns contained 171 Br -(50 mg L -1 KBr), DFBA (40 mg/L), and SSSNP (40 ug L -1 ) in the KCl solution.
172
The second set of experiments aimed to evaluate the effect of Fe(III)-bioreduction on the 173 transport of tracers using five columns dry-packed with Geobactor-inoculated soil 174 macroaggregates under anoxic conditions. The experiments included three acetate-stimulated 175 Fe(III)-bioreduction columns (one with 20 days of continuous injection of acetate and two 176 replicates with 60 days of acetate injection) and two control columns (no acetate addition). The 177 60-day experiments aimed to corroborate the results of bioreduction effects observed from the 178 20-day experiments. After dry packing, the soil aggregate columns were flushed with carbon 179 dioxide to replace the air in soil pores, followed by flushing with KCl solution (0.67 mM, pH 180 6.5) to achieve fully saturated conditions without remaining gas pockets. Each column 181 experiment consisted of three phases with constant level of total ionic strength of solutions (2 182 mM). Before bioreduction, transport experiments with the KCl input solution containing Br -(85 183 mg/L KBr), DFBA (50 mg/L), and SSSNP (40 µg/L) were performed in all columns (phase 1).
184
In bioreduction process (phase 2), the columns were flushed with artificial groundwater solution 185 (AGW), which had a total ionic strength of 2 mM and a pH value of 7.5, consisting of CaCl2 186 (0.075 mM), MgCl2 (0.082 mM), KCl (0.051 mM), and NaHCO3 (1.5 mM), modified from 187 Ferris et al. (2004) . The AGW contained trace elements, vitamins, and acetate (bioreduction-188 stimulated column) or without acetate (control column) (Wolin et al., 1963) . Acetate added to the 189 columns served as the electron donor for Geobacter. Effluent samples from columns during 190 bioreduction were analyzed for the concentrations of Fe(II), Fe(III) and colloids as described in 191 Section 2.5. After 20 or 60 days of bioreduction, the same transport experiment as that prior to were investigated as described in Section 2.7 and 2.8.
197
The third set of experiments was conducted to examine the effects of aggregate size 198 fractions on the transport of tracers and nanoparticles outside the anoxic chamber without 199 bioreduction treatment (exposed to oxygen), since exposure to aerobic conditions can suppress showed a 14-fold increase in attachment and a 3-fold decrease in detachment of SSSNP in 279 goethite-coated sand compared with the uncoated sand columns. The maximum solid phase 280 concentration of SSSNP was ~20 times higher in the goethite-coated sand than in the uncoated 281 sand, suggesting a strong affinity of the SSSNP to the iron-oxide surface ( Table 1) approximately one pore volume before and after the Fe(III)-bioreduction phase (Fig. 3) , 314 indicating that Fe(III)-bioreduction did not influence the transport of the conservative tracer.
315
Transport of DFBA exhibited some retardation and tailing in the breakthrough experiment before 316 the bioreduction, but the retardation was eliminated after the bioreduction phase ( Figs. 3 and 4) . 317 This result suggests that Fe(III)-bioreduction induced either physical and/or chemical changes of 318 the aggregates. Modeling results showed that the estimated dispersivity (D) of DFBA during 319 transport remained similar before and after the Fe(III)-bioreduction phase while the estimated 320 DFBA sorption coefficient (Kd) was about one order of magnitude lower after Fe(III)-321 bioreduction ( Table 2) . SSSNP exhibited a very pronounced response to the Fe(III)-bioreduction 322 treatment. Almost no breakthrough of SSSNP was observed before Fe(III)-bioreduction (i.e., in 323 phase 1), whereas the relative concentrations (C/C0) of SSSNP in the effluent reached only 0.3 324 after the Fe(III)-bioreduction (i.e., in phase 3) (Fig. 3) . The estimated maximum solid phase 325 concentration of SSSNP in phase 3 was one fourth that in phase 1 with a lower attachment 326 coefficient. The estimated detachment coefficient of SSSNP was 100-fold greater in phase 3 than 327 in phase 1 (Table 2 ). These results indicate that the presence of Fe(III) oxides greatly reduced the 328 mobility of the nanoparticle tracer. Ryan et al. (1999) found that the bacteriophage particles and Geobacter and/or other Fe(III)-reducing bacteria (Fig. 4) . The increase in effluent Fe(II) 340 concentrations in the first two weeks corresponded to the increase in microbial activity as acetate 341 was added to the feed solution (Fig. 4) . The effluent Fe(II) concentrations plateaued after 20 days 342 of acetate injection, suggesting retardation of Fe(III) bioreduction (Fig. 5) . The accumulated The above results suggested that the soil aggregates experienced structural breakdown during 402 the 60-day Fe(III)-bioreduction phase with acetate injection. To get direct evidence, we 403 characterized the size distribution of water-stable soil aggregates in each column. The acetate-404 treated columns contained significantly more soil aggregates with size less than 90 µm than the 405 control column (i.e., no acetate injection) (P < 0.05, Fig. 8 ). The aggregate fractions with sizes 406 of 150-2,000 µm in acetate-treated columns were similar to those in the control column. It is 407 obvious that the soil aggregates enduring 60-day bioreduction generated more microaggregates 408 compared to the soil aggregates with 20-day bioreduction.
409
Our results also show that the bioreduction increased releases of iron and soil colloids. The 410 divergence of soil aggregates along the length of the columns was also examined by measuring 411 residual water-extractable total Fe. The readily reducible iron contained in the soil aggregates 412 was much higher in the influent sections of the 60-day acetate-fed columns (A and B) with a 413 range of 20-25 mg g -1 compared to the control (Fig. 9 ). The readily reducible iron in the effluent organic and colloidal tracers. As a result, the initial 20-day effect was canceled by the subsequent 437 40-day of extended acetate injection, leading to similar breakthrough behaviors to those observed 438 before the Fe(III)-bioreduction phase. Electron donor addition during biostimulation cannot 439 continue indefinitely. Thus, upon termination of biostimulation, the treated area will ultimately 440 return to its original redox status as oxygenated groundwater passes through the treatment zone.
441
Future studies should address the influence of Fe(II) re-oxidation on tracer transport in relation to 442 changes in soil properties, such as, pore structure and aggregate surface charges along the flow 443 path.
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Methods of soil analysis, Part 2 chemical and mineralogical methods (2nd edition). 1. Two columns were dry packed with microaggregates and macroaggregates, respectively. 2. The soil aggregate columns were flushed with carbon dioxide, followed by flushing with KCl solution (0.67 mM, pH 6.5) to achieve fully saturated conditions without remaining gas pockets. 
